1,2,9,10 PURPOSE. To investigate age-related trends in refractive, corneal, and internal astigmatism and to assess the association between internal astigmatism and lens opacity in an elderly Chinese population. METHODS. A population-based study was conducted among 1360 inhabitants aged 65 years and older in Taipei, Taiwan. Participants underwent measurements of refraction, corneal dioptric power, and slit lamp biomicroscopy with lens grading. A total of 2084 eyes were included in power vector analyses of Cartesian astigmatism (J 0 ) and oblique astigmatism (J 45 ) components of refractive, corneal, and internal astigmatism. RESULTS. The crude prevalence of refractive astigmatism (defined as Ն0.75 diopters) was 73.0% based on the right eyes and 76.4% based on the left eyes. The vector values in both refractive J 0 and corneal J 0 tended to be more negative with increasing age (P Ͻ 0.001), indicating the trend toward against-the-rule (ATR) astigmatism. Corneal J 0 alone accounted for 54% of the variability in refractive J 0 . Refractive J 45 increased with age in the right eyes (P Ͻ 0.001) and decreased slightly with age in the left eyes (P ϭ 0.012). Cortical opacity was associated with internal J 0 (P ϭ 0.025), but the association was weak. CONCLUSIONS. Astigmatism affects approximately three quarters of the Chinese population aged 65 years and older in Taiwan. With increasing age, the prevalence of astigmatism increases, and refractive and corneal astigmatism shift toward ATR. Continuous corneal changes appear to be responsible for the age trend in refractive astigmatism. The severity of lens opacity plays only a minor role in the change of internal astigmatism. (Invest Ophthalmol Vis Sci. 2011;52:9651-9657)
and refractive and corneal astigmatism shift toward ATR. Continuous corneal changes appear to be responsible for the age trend in refractive astigmatism. The severity of lens opacity plays only a minor role in the change of internal astigmatism. (Invest Ophthalmol Vis Sci. 2011;52:9651-9657) DOI:10.1167/iovs. A stigmatism is a common type of refractive error and may greatly influence uncorrected visual acuity. The prevalence of astigmatism increases with age, [1] [2] [3] [4] [5] [6] and there are aging effects on both corneal and refractive astigmatism. [7] [8] [9] With increasing longevity, there is a rising percentage of elderly population worldwide. However, most populationbased studies on astigmatism have been conducted among young and middle-aged adults or included only a small proportion of elderly participants. 1-4,6 -8 Information on astigmatism in the elderly, especially of its refractive, corneal, and internal astigmatic components, is limited. Some literature has suggested that changes in the blur component of best-corrected visual acuity in the elderly could be attributed to changes in ocular astigmatism. 10 Therefore, astigmatism in the elderly becomes an important clinical and public health issue.
With advancing age, the axes of refractive and corneal astigmatism shift from with-the-rule (WTR) toward against-therule (ATR). 7, 8, 11, 12 Although some authors have suggested that the refractive ATR trend is related to changes in the cornea, 7, 13, 14 the mechanism and process of the shift in the axis have not been clarified even after analyzing data separately in terms of magnitude and axis of astigmatism. Knowing agerelated trends of astigmatism in the elderly is helpful in predicting long-term outcomes of refractive surgeries and refractive changes after cataract surgery.
The effects of different morphologic types of age-related lens opacity on astigmatism are not clear. Early experimental studies found no evidence that age-related lens opacity causes astigmatic changes, 15, 16 but more recent studies have suggested that cortical opacity can induce astigmatism, 17, 18 whereas others have reported that nuclear sclerotic cataract 3, 19 can cause more astigmatic changes. However, these studies used refractive astigmatism measurement to evaluate the relationship between lens opacity and astigmatism, which cannot eliminate the aging effects of corneal components. Therefore, internal astigmatism may provide a more adequate exploration. It is obtained as the difference between refractive and corneal astigmatism and is the result of the internal optics of the eye, including the crystalline lens.
When the axes of refractive and corneal astigmatism are parallel, internal astigmatism can be derived from directly subtracting corneal astigmatism from refractive astigmatism. How-ever, these axes do not necessarily coincide. Thibos et al. 20 proposed a power vector approach, which converts clinical notations of cylinder power and cylinder axis to power vectors, allowing for the incorporation of the magnitude and axis of all forms of astigmatism in statistical analyses. Thus, it provides a sufficient and accurate statistical approach for astigmatism 21 and facilitates accurate assessment even when both the direction and the magnitude of astigmatism change simultaneously.
In the present study, we used power vector methods to analyze age-related trends in refractive, corneal, and internal astigmatism and assessed the association between internal astigmatism and different types of lens opacity in an elderly Chinese population aged 65 years and older in Taiwan.
METHODS

Study Population
This analysis was a part of the population-based Shihpai Eye Study. Details on the design and methods of the Shihpai Eye Study have been described elsewhere. 5 Briefly, it was conducted among noninstitutionalized residents aged 65 years and older in Shihpai, Taipei, Taiwan between July 1999 and December 2000. The government household registration system served as the sampling base for the study. Of 2045 randomly selected eligible persons, 1361 (66.6%) participated in ocular examinations. The study protocol was approved by the institutional review board and adhered to the provisions of the Declaration of Helsinki of the World Medical Association regarding scientific research on human subjects.
Of the 1361 participants (2722 eyes), we excluded 174 right eyes and 174 left eyes because of previous cataract surgery and 79 right eyes and 62 left eyes with refractive errors that could not be appropriately measured because of dense cataract, corneal or media opacity, bulbar atrophy, or other reasons. This left 1190 subjects who had at least one phakic eye with data on refractive errors (1108 right and 1115 left eyes) for prevalence analysis. Comparing the subjects included in the prevalence analysis with those excluded, we found that, on average, included subjects were younger (71.8 vs. 75.2 years; P Ͻ 0.001), included more men (62% vs. 52%; P ϭ 0.017), and attained education levels of senior high school or higher (38 vs. 29%; P ϭ 0.013).
Keratometry was not performed initially but was added to the study protocol from August 1999 onward. Therefore, 57 (4.8%) of the 1190 subjects did not have data on corneal dioptric power. Additionally, keratometry could not be reliably performed on 13 right eyes and 12 left eyes. Therefore, power vector analysis was based on 1038 right and 1046 left eyes whose data on corneal dioptric power were available.
Examination Procedure
A home interview with a structured questionnaire was administrated before the ocular examinations. The questionnaire collected information on demographic data, personal medical history, and lifestyle. Those who were interviewed were invited to the study hospital for a series of ocular examinations according to standardized protocols that included visual acuity (presenting and best-corrected) measurement with Snellen charts at a distance of 6 m, autorefraction and keratometry with an autokeratorefractometer (RK-8100; Topcon, Tokyo, Japan), noncontact tonometry (CT-60; Topcon), slit lamp biomicroscopy (model BQ900; Haag-Streit, Bern, Switzerland), and indirect ophthalmoscopy (model 12500; Welch-Allyn, Skaneateles Falls, NY). For autorefraction and keratometry, we took at least five consistent measurements and obtained an average of these readings. Because of the age of the study population, cycloplegia was not used. The result of autorefraction was used as a starting point for a subsequent subjective refraction. The refractive correction that achieved the best-corrected visual acuity in each eye was recorded and used for the analysis. We calculated corneal astigmatism based on the autokeratometry reading using a corneal refractive index of 1.3375. This takes into account the negative refractive power of the posterior corneal surface. Corneal astigmatism was expressed as the correcting cylinder that would be combined with the corneal power to give zero astigmatism. Cylindrical power was calculated as the minimum corneal power minus the maximum corneal power, and cylindrical axis was set at the corneal meridian of minimum corneal power. 22 Lens opacity was graded using slit lamp biomicroscopy with the modified Lens Opacity Classification System (LOCS) III. 23 Under this system, nuclear opacity was classified in increasing severity as grades 1 to 6 (in increments of 1.0), and cortical and posterior subcapsular opacities were classified as grades 1 to 5.
Definitions
For the prevalence analysis, astigmatism (minus cylinder format) was defined as cylinder ՅϪ0.75 diopters (D) without reference to the axis. For the vectorial analysis, we converted the refractive and corneal astigmatism from the spherocylinder notation to power vector notation by applying a Fourier transformation using the following equations 20 :
where C is negative cylindrical power and ␣ is cylindrical axis. J 0 refers to cylinder power set at orthogonally 90°and 180°meridians, representing Cartesian astigmatism. Positive values of J 0 indicate WTR astigmatism, and negative values of J 0 indicate ATR astigmatism. J 45 refers to a cross-cylinder set at 45°and 135°, representing oblique astigmatism. The power vector conversion was performed for both refractive and corneal astigmatism. Internal astigmatism was calculated as refractive minus corneal power values. 24 This calculation is essentially based on a two-refracting-component schematic model of the eye in which the principal planes of cornea and internal optics are coincident. Because a refractive index of 1.3375 is used, the keratometry has taken both anterior and posterior corneal surfaces into account. Therefore, in our study, internal astigmatism refers to the components of refractive astigmatism behind the cornea (i.e., ocular optical elements behind the cornea). In interpreting astigmatism using power vector values, it may be useful to consider that cylindrical power is defined as two times the square root of the sum of J 0 2 and J 45 2 . Thus, for example, an eye with zero J 45 and 0.5 D of J 0 in power vector notation corresponds to 1.0 D of cylinder in conventional notation.
Statistical Analysis
Data on both eyes were included in our analysis because the magnitudes of correlation in refractive cylindrical ( ϭ 0.53) and corneal cylindrical ( ϭ 0. 63) powers between right and left eyes were moderate only. The crude prevalences of astigmatism were calculated and were age-and sex-standardized according to the 1999 Taiwan population 25 to obtain a more accurate estimate of the actual prevalence. Linear regression models were used to assess the associations with astigmatism. We calculated the proportion of the variation in astigmatism explained by independent variables using r 2 and then using partial r 2 when more than two independent variables were involved in regression models. When data from both eyes were included in the regression models, generalized estimation equations (GEE) were used to account for the correlation between both eyes of individual participants. 26 Because the effects from J 45 offset when both eyes were included in the regression models, 27 we performed the regression analysis of J 45 on the data from right eyes and left eyes separately. In addition, to better explore nonlinear astigmatism-age association, we used restricted cubic splines with equally spaced knots at the 5th, 35th, 65th, and 95th percentiles of the age distribution. 28, 29 All data analyses were performed with a commercial statistical software package (Stata 10.0; Stata Corp., College Station, TX). The threshold for statistical significance was set at P Ͻ 0.05.
RESULTS
The prevalences of refractive astigmatism (cylinder Յ Ϫ0.75D) by sex and age groups in the 1190 participants (mean age, 71.8 Ϯ 4.8 years) are shown in Table 1 . The overall crude rate of astigmatism in the right eyes was 73.0%, and the age-and sex-standardized rate was 74.2% (95% confidence interval [CI], 71.6%-76.8%), and the overall crude rate in the left eyes was 76.4%, with the age-and sex-standardized rate of 77.4% (95% CI, 74.9%-79.9%). The prevalence increased significantly with age for both men and women in either eye (P Ͻ 0.05 for all). Table 2 summarizes the refractive and corneal power vectors by eye and age groups. With increasing age, the vector values in both refractive and corneal J 0 changed toward more negative (P Ͻ 0.001 for both). The distribution of refractive J 0 versus refractive J 45 by age groups is also shown in Figure 1 . With increasing age, refractive J 0 in either right or left eyes shifted toward negative, indicating a trend toward ATR. Refractive J 45 increased with age in the right eyes (P Ͻ 0.001) and decreased slightly with age in the left eyes (P ϭ 0.012) ( Table  2 , Fig. 1 ).
The associations among refractive J 0 , corneal J 0 , and internal J 0 with age by restricted cubic splines are presented in Figure 2 . We noted the changes in refractive J 0 and corneal J 0 with age were almost parallel after approximately 70 years of age. Linear regression analysis showed that refractive J 0 significantly changes with age (regression coefficient, ␤ ϭ Ϫ0.082 D per 5 years; P Ͻ 0.001, corresponding to approximately Ϫ0.16 D of cylinder in conventional notation for eyes with near-zero J 45 ). After adjustments for corneal J 0 , the association between refractive J 0 and age was much weaker (P ϭ 0.054). Corneal J 0 alone accounted for more than half (r 2 ϭ 54%) of the variability in refractive J 0 . For internal J 0 , we did not observe apparent age trends ( Table 2 , Fig. 2 ). Figure 3 shows the associations of refractive J 45 , corneal J 45 , and internal J 45 with age by restricted cubic splines. The associations of refractive and corneal J 45 with age tended to be stronger in the right eyes than in the left eyes (see also Table 2 ).
The distribution of lens opacity grades can be found in Supplementary Table S1 (http://www.iovs.org/lookup/suppl/ doi:10.1167/iovs.11-7641/-/DCSupplemental). Table 3 presents the association between internal J 0 and the severity of lens opacity. In the multiple linear regression analysis, cortical opacity was significantly (P ϭ 0.025) associated with internal J 0 while controlling for age, sex, and the other two types of lens opacity, suggesting independent effects of cortical opacity on internal J 0 . For one grade higher in cortical opacity, internal J 0 changed by 0.022D in vector value. However, cortical opacity Data are number of subjects with astigmatism (prevalence, %). * 1190 subjects had at least one phakic eye with data on refraction. explained only a small proportion of the variation in internal J 0 (partial r 2 ϭ 0.28%). There were no significant associations between internal J 0 and the other two types of lens opacity. In the multiple linear regression analysis, internal J 45 was not associated with any type of lens opacity (Table 4) .
DISCUSSION
Astigmatism and age-related cataract are two of the most common ocular conditions in the elderly. In this populationbased study, we quantified the change in astigmatism with age in an elderly Taiwanese population. The prevalence of astigmatism increased, and changes toward ATR were noted in both refractive and corneal components. We also found that the severity of cortical opacity was associated with internal J 0 .
In our study, approximately three quarters of participants aged 65 years and older had astigmatism. It is difficult to accurately compare the prevalences among studies because of varied measurements, discrepancies in definitions, and diverse age groups across studies. However, we compared our findings with those reported for populations in which the age distribution was similar and that used definitions comparable to those used in the present study. Our estimates of prevalence were comparable to those reported in the Tajimi Study of a Japanese population 2 30 (58.5%-67.1% at 70 -80 years, astigmatism Ͻ Ϫ0.50 D).
The details of the reasons for the change in refractive astigmatism toward ATR with age remain unclear. In the present study, in addition to refractive J 0 , corneal J 0 showed an ATR change with age, and corneal J 0 alone accounted for a large proportion (54%) of the variability in refractive J 0. Moreover, the age-related trend in the estimated internal J 0 was weak. These data show that the ATR changes in refractive astigmatism with age were attributed primarily to the age-related changes in corneal topography. However, the underlying biomechanical causes of the trend toward ATR in corneal astigmatism remain to be fully elucidated and are subject to speculation. The age-related ATR shift may be attributed to changes in the corneal structure itself or to external factors, and we believe that both play a role. It has been shown that increasing age is associated with a decrease in corneal diameter that is more pronounced horizontally than vertically, causing an ATR shift in corneal astigmatism. 31 Furthermore, a variety of aging changes in the corneal structures have been reported, including growth of collagen fibrils in the stroma, 32 increased thickness of Descemet membrane, 33 and degeneration of endothelial cells. These biomechanical changes might alter collagen orientation and affect the elasticity and rigidity of the cornea, leading to ATR shifts in corneal astigmatism. Other external factors have been proposed as well. Diminished eyelid tension caused by age-related dermatochalasis may lead to a relative flattening of the cornea in the vertical meridian and steeper corneal curvature in the horizontal meridian, resulting in ATR shifts in the corneal refractive state. 34 In our study, compared with refractive and corneal astigmatism, the change in internal astigmatism with age was relatively small. Previous studies have reported that lenticular astigmatism held constant at approximately 0.5 D in children and adults, 35, 36 and astigmatism of lenticular origin appeared to have little effect on total astigmatism in young normal eyes. 37 Similarly, we found that internal J 0 remained constant at Ϫ0.25 D (in vector value) in elderly persons.
The nature of cataract-induced astigmatism is not well understood, and the effects of types and severity of agerelated cataract on internal astigmatism warrant more exploration. In a small clinic-based study, Pesudovs et al. 17 reported that persons with cortical cataract showed larger refractive astigmatic shifts than subjects with clear lenses. Unlike that report, we estimated internal astigmatism, instead of using refractive astigmatism, to account for the effects of corneal components and to obtain more precise exploration of the association between astigmatic changes and different cataract types. Additionally, we examined the effects of cataract severity on internal astigmatism. We found that the severity of cortical opacity was statistically significantly associated with internal J 0 , with a change toward WTR astigmatism, although the magnitude of the change was small. This suggests that, in patients with cortical cataract, lens-induced astigmatism may to some extent offset corneal ATR changes with age. However, the mechanism by which cortical lens opacity induces WTR astigmatism change is unclear. It is likely to be caused by asymmetrical refractive index changes within different parts of the lens cortex, 38 causing comalike aberrations and astigmatic shifts. 39 It has been suggested that the negative axis of astigmatism may correspond to the axis of a cortical spoke. 17 Whether the cortical spoke develops and progresses more often in the horizontal than the vertical meridian, thus inducing WTR change, requires further investigation.
We did not find a significant association between the severity of lens opacity and internal J 45 . In the Meiktila Eye Study 3 conducted in rural Myanmar, refractive astigmatism was significantly higher in persons with nuclear opacity. It is well known that nuclear opacities may lead to myopic shifts through changes in the lenticular refractive index, but whether nuclear opacity induces changes in internal astigmatism remains to be elucidated.
We acknowledge certain limitations of our study. First, it had a cross-sectional design. Thus, we were unable to draw conclusions on lifetime longitudinal changes of astigmatism with age. Second, a small proportion (4.8%) of our study population did not have measurements on corneal astigmatism. We believe, however, that this should not have caused any significant differential bias in our results. Third, lens opacity was graded using LOCS III in increments of 1.0 rather than 0.1, making individual grades coarser. However, the validity of the regressions might not have been adversely affected because the sample size was large. Finally, the association between cortical lens opacity and internal astigmatism was weak despite its being statistically significant. Other unmeasured or unknown factors may have greater effects, and this warrants further studies. On the other hand, we excluded subjects who had previously undergone cataract surgery from the analysis. Thus, we might have lost some of the more informative subjects.
In conclusion, astigmatism is highly prevalent in the elderly Chinese population in Taiwan. There is a trend toward ATR with increasing age in corneal astigmatism, with the consequence of corresponding changes in refractive astigmatism. The severity of cortical cataract is associated, albeit weakly, with internal J 0 . Given that the aging population is growing rapidly, the nature and trends of astigmatism with age and the association between internal astigmatism and lens opacity sug- * ␤, regression coefficient; for lens opacity, it represents the change in internal J 0 for one grade higher in each type of lens opacity, controlling for age and sex, and the other two types of lens opacity. gested by our study are noteworthy and may help provide knowledge about refraction-related and cataract-related eye care in the elderly. The age-related changes in astigmatism may be taken into consideration when performing refractive surgery or cataract surgery in the elderly to obtain an enduring refractive status. It is also helpful in predicting long-term outcomes of refractive surgeries and refractive changes after cataract surgery in the elderly. * ␤, regression coefficient; for lens opacity, it represents the change in internal J 45 for one grade higher in each type of lens opacity, controlling for age and sex, and the other two types of lens opacity.
